Temperature-sensitive, unsaturated fatty acid (fabB) auxotrophs of Escherichia coli can grow at the restrictive temperature in the absence of unsaturated fatty acid in a medium with a high osmotic pressure. If a mutant culture was starved for unsaturated fatty acids and harvested just before the lysis started, the fatty acid composition of the cells was the same as that of cells grown until late log phase in a high-osmotic medium. Evidence is presented that the in vivo unsaturated fatty acid biosynthesis is significantly increased in a high osmotic medium. The increase is probably due to a partial activation of the temperature-sensitive fabB product. Besides the stimulation of the temperaturesensitive fabB product, a minimal osmotic pressure of the medium appeared to be necessary to allow growth of cells containing lipids with a changed fatty acid composition. fabA mutants are unable to grow in a high-osmotic medium in the absence of unsaturated fatty acids. No increase in the in vivo unsaturated fatty acid biosynthesis could be detected in the temperature-sensitive fabA mutants.
In a previous report, we described the isolation of a group of temperature-sensitive, unsaturated fatty acid auxotrophs of Escherichia coli K-12, which can grow and remain viable at the restrictive temperature in a high-osmotic medium without the addition of unsaturated fatty acids (2) . We found that the mutant strains grown in a high-osmotic medium have a fatty acid composition that is different from that of the parental strain. Under these growth conditions, 50% of the fatty acids of the parental strain and 80% of the fatty acids of the mutant strains are saturated. The saturated fatty acid fraction of the mutant strains consists of about 55% palmitic acid (C16:0) and 25% myristic acid (C14:0).
Since the growth of the fab -mutants in a high-osmotic medium is characteristic for fabB mutants (2) , it is of interest to know whether it is the osmotic pressure of the medium, a partial activation of the temperature-sensitive fabB product, or a combination of these factors that allows growth in a high osmotic medium. We therefore compared the in vivo unsaturated fatty acid biosynthesis of a fabB mutant in a low-and a high-osmotic medium at the restrictive temperature.
In unsaturated fatty acids, the free fatty acids were separated from the phospholipids on a silica gel column. The free fatty acids were removed with chloroform, after which the phospholipids were eluted with chloroform-methanol (3:7, vol/vol). The hydrolysis of the phospholipids, the conversion of the fatty acid moieties to methylesters, and the separation of these esters by gas-liquid chromatography were described previously (2) .
RESULTS
Recently, we described the isolation of a number of temperature-sensitive fabB mutants of E. coli K-12, which all showed growth and remained viable at the restrictive temperature in a high-osmotic medium without the addition of an unsaturated fatty acid (2) . All 4 Growth in media with various osmotic pressures. At 42 C, strain M5 can grow in a medium supplemented with 0.2 M NaCl, but not in medium supplemented with 0.175 M NaCl. In the last medium, the growth curve is similar to that in unsupplemented medium, i.e., growth continues for two generations after which the culture begins to lyse. The moment of lysis is identical to that of the unsupplemented culture. The same results were obtained in media with a similar osmotic pressure obtained by the addition of KCl or sucrose. As we described earlier (2) , the mutant strain grown at 42 C in a high-osmotic medium has a fatty acid composition that differs from that of the parental strain (Table 2 ). No significant difference in fatty acid composition is found when strain M5 is grown in media with 0.20, 0.25, or 0.30 M NaCl. Under these conditions, strain M5 contains about 20% unsaturated fatty acids compared with 40% in the parental strain. The results show that the unsaturated fatty acid biosynthesis is stimulated by the high osmotic pressure of the medium, but some stabilization of the cell membrane with the changed fatty acid composition may be necessary. Evidence for this will be presented below.
Fatty acid composition during starvation for unsaturated fatty acids. When strain M5 is starved for unsaturated fatty acids at 42 C and the cells are harvested just before the lysis starts ( Fig. 1) , the fatty acid composition (Table 3) is about the same as that of cells grown till late log phase in a high-osmotic medium ( At the time of lysis these figures are 12.7 and 4.6%, respectively. This threefold decrease in the unsaturated fatty acids is in agreement with the growth for two generations and the low activity of unsaturated fatty acid synthesis at 42 C. Cells of strain M5 (grown in a medium supplemented with 0.3 M NaCl at 42 C and harvested at the time the unsupplemented culture starts to lyse) have a fatty acid composition that is slightly different from that of cells growing exponentially at 30 C (Table 3) . However, after prolonged growth in the high-osmotic medium, the unsaturated fatty acid content of strain M5 is reduced to a final extent of 20% of the total amount of fatty acids, whereas the parental strain shows the normal amount of 43% ( Table 2 ). Cells of strain M5 grown in medium supplemented with 0.175 M NaCl and harvested just before the lysis of the culture show a fatty acid composition that is almost the same as that (Table 3 ) of cells grown in medium supplemented with 0.3 M NaCI and harvested at the same time. The data of Table 3 show that in the media supplemented with 0.175 and 0.30 M NaCl the unsaturated fatty acid biosynthesis of strain M5 is stimulated to such an extent that lysis is not expected. However, the medium supplemented with 0.175 M NaCl cannot prevent the lysis of strain M5, suggesting that the osmotic pressure of the medium is the limiting factor for growth.
For the growth of strain M5 in a high-osmotic medium at 42 C, it is not necessary that the medium have the high osmotic pressure at the time of the temperature shift. Ten minutes before the lysis starts the culture could be prevented from lysis, and growth continues if 0.3 M NaCl, 0.3 M KCl, or 20% sucrose is added to the medium (Fig. 1) . Increasing the osmotic pressure of the medium at any time less than 10 min before the expected lysis cannot prevent the culture from lysis. Cells grown till late log phase in the high-osmotic medium at 42 C have the same fatty acid composition if the osmotic pressure of the medium is increased either at the moment of the temperature shift or 10 min before the expected lysis.
There is a great difference in fatty acid composition of strain M5 at the time of lysis and 10 min before the lysis (Table 3) . During these 10 min the unsaturated fatty acid content of the cells decreases rapidly, probably by growth and cell division. It should be noted that the fatty acid composition of the cells 10 min before the expected lysis in an unsupplemented culture is the same as that found at the moment of lysis in the presence of 0.175 M NaCl.
Growth at 44 C. At 44 C a culture of strain M5 is no longer prevented from lysis by the high osmotic pressure of the growth medium; however, compared with the low-osmotic medium, the lysis in the high-osmotic medium is delayed (Fig. 2) . Table 4 shows that the fatty acid composition of strain M5 at the time of lysis in the lowosmotic medium at 44 C is not different from that at 42 C. Compared to the fatty acid composition at 42 C, cells grown in a high-osmotic medium and harvested at the time the unsupplemented culture lysed have a reduced quantity of unsaturated fatty acids. This suggests that the unsaturated fatty acid synthesis is also stimulated at 44 C, but not to such an extent that prolonged growth is allowed. There is no difference in fatty acid composition if the cells are harvested at the time of lysis in a low-or a high-osmotic medium, so apparently the fatty acid composition found is correlated to the lysis phenomenon.
Growth in medium with potassium linoleate. All experiments indicate that part of the explanation for growth in a high-osmotic medium is the fact that under these conditions the unsaturated fatty acid synthesis is stimulated. To test this hypothesis, the parental strain, Figure 2 .
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strain M5, and the fabA strain, M8, were grown at 42 C in a medium supplemented with potassium linoleate. Potassium linoleate supports growth of unsaturated fatty acid auxotrophs, but it does not occur naturally in the E. coli lipids. It is therefore possible to distinguish between the in vivo-synthesized unsaturated fatty acids and the unsaturated fatty acids from an exogenous source. Table 5 shows the fatty acid compositions of the parental strain, strain M5, and strain M8 grown in linoleate-supplemented medium in the presence and absence of 0.3 M NaCl, 0.3 M KCl, or 20% sucrose. The high osmotic pressure increases the in vivo synthesis of unsaturated fatty acids in the parent and the mutant M5 at 42 C. No increase in in vivo-unsaturated fatty acid synthesis was found in the fabA strain, M8. We have tested several fabA strains, but all showed the same results as strain M8.
The results obtained with the parental strain, PC 0223, at 44 C are similar to those obtained at 42 C. The effect of the high osmotic pressure on the unsaturated fatty acid synthesis in strain M5 is less pronounced at 44 C than at 42 C. This is in agreement with the fact that the high osmotic pressure does not prevent lysis at 44 C.
These results suggest that there is a correlation between the growth in a high-osmotic medium and the stimulation of the in vivo-unsaturated fatty acid synthesis.
DISCUSSION
The in vivo-unsaturated fatty acid biosynthesis of the fabB mutant, M5, is diminished in a high-osmotic medium at the restrictive temperature, but not to the same extent as in a low-osmotic medium. This could be due to a stabilization of the temperature-sensitive enzyme or to a stimulation of the remaining low activity of the temperature-sensitive enzyme. In view of the facts that, after prolonged growth in a high-osmotic medium, strain M5 still contains 20% unsaturated fatty acids and that growth continues if the osmotic pressure of the medium is increased 10 min before the expected lysis, it is likely that in the high-osmotic medium the remaining low activity of the temperature-sensitive fabB product is stimulated. Recently Rosenfeld et al. (4) reported that the wild-type ,B-ketoacyl-acyl carrier protein (ACP) synthetase stimulated the unsaturated fatty acid synthesis in fabB extracts, suggesting that the fabB ,B-ketoacyl-ACP synthetase is defective in unsaturated fatty acid synthetic activity. Ac- (7), it is known that the fatty acid-synthesizing system of E. coli and especially the p-ketoacyl-ACP synthetase and the enoyl-ACP reductase are activated by monovalent cations. Possibly the increased potassium content of the cells growing in a high-osmotic medium activates the temperature-sensitive fabB f-ketoacyl-ACP synthetase to such an extent that growth is allowed. It is known (3) from experiments with a temperature-sensitive fabA mutant, which was grown at a semipermissive temperature with a subnormal growth rate due to the reduced rate of unsaturated fatty acid synthesis, that the limiting amount of unsaturated fatty acids necessary for growth is 15 to 20% of the total fatty acids. This is in agreement with our finding that, at the time of lysis of the culture grown in a low-osmotic medium, the amount of unsaturated fatty acids of the cells is only 20% of the total fatty acids. After the temperature shift, the unsaturated fatty acid content of the cells is decreased because the growth of the culture continues for about two generations and the temperature-sensitive unsaturated fatty acid synthesis becomes inactivated. After prolonged growth in a high-osmotic medium, the amount of unsaturated fatty acids of cells of strain M5 is also 20% of the total fatty acids. Under these conditions, the growth rate of strain M5 is the same as that of the parental strain. The fact that in a high-osmotic medium normal growth of cells with a fatty acid composition that gives lysis in a low-osmotic medium is possible suggests that, besides the stimulation of the unsaturated fatty acid synthesis in the high-osmotic medium, the osmotic pressure of the medium plays an important role in growth at the restrictive temperature.
We found that the minimal osmotic pressure of the medium at which growth is possible at the restrictive temperature is reached when 0.2 M NaCl, 0.2 M KCI, or 13% sucrose is added to the medium. Cells growing in these media, or in media with a higher osmotic pressure, have the same fatty acid composition. Cells growing in medium supplemented with 0.175 M are not prevented from lysis. However, at the time the lysis starts the cells have more unsaturated fatty acids than the cells of an unsupplemented culture. This means that in the medium supplemented with 0.175 M NaCl the unsaturated fatty acid synthesis is still stimulated, but obviously the osmotic pressure of the medium is too low to prevent lysis. All these facts suggest that the osmotic pressure of the medium is the limiting factor for growth in tle high-osmotic medium at the restrictive temperature.
If the osmotic pressure of the unsupplemented medium is increased 10 min before the expected lysis of the culture, the culture is prevented from lysis and the growth is continued. From the [1-"C]-acetate incorporation data, we know that in an unsupplemented medium 1 h after the temperature shift only 8.9% of the de novo fatty acids synthesized are unsaturated fatty acids. Thus, 10 min before the expected lysis, which takes place 60 to 70 min into the temperature shift, the unsaturated fatty acid synthesis in the cells is reduced to a low level. After the increase of the osmotic pressure of the medium, the growth of the culture is continued and the unsaturated fatty acid synthesis reaches the same level as in cells which are grown from the time of the temperature shift in a high-osmotic medium, namely 20% of the total fatty acid synthesis. Thus, the unsaturated fatty acid synthesis is reactivated by the increase of the osmotic pressure of the medium.
More evidence that the temperature-sensitive fabB product is stimulated in the high-osmotic medium is suggested by the growth experiments at 44 C and the experiments with potassium linoleate-supplemented medium. At a higher temperature, fewer molecules of the temperature-sensitive enzyme will by chance have the active conformation. We would thus expect that more enzyme molecules can be stimulated at 42 C than at 44 C and, apparently, the activity obtained at 44 C after the stimulation is too small to permit growth. That there is a small stimulation of unsaturated fatty acid synthesis at 44 C can be seen by the difference in fatty acid composition at the time of lysis in the presence and absence of 0.3 M NaCl and by the delayed lysis of the culture in a high-osmotic medium. In a linoleate-supplemented medium with a high osmotic pressure, stimulation of the fabB strain M5 is measured. Compared to the stimulation at 42 C, less effect is observed at 44 We may conclude that by stimulating the unsaturated fatty acid biosynthesis in fabB mutants to about half the activity found in the parental strain, the cells can produce a functional cytoplasmic membrane which, however, is dependent on the osmotic pressure of the medium, probably as a consequence of a reduced integrity. Besides the total amount of unsaturated fatty acids in the lipids considered in this paper, it would be of interest to determine the molecular species of the phospholipid molecules found in a fabB mutant growing in the high-osmotic condition.
